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Although kidneys of equal size can vary 10-fold in
nephron number at birth, discovering what regulates
such variation has been hampered by a lack of quan-
titative parameters defining kidney development.
Here we report a comprehensive, quantitative, multi-
scale analysis of mammalian kidney development in
which we measure changes in cell number, compart-
ment volumes, and cellular dynamics across the
entirety of organogenesis, focusing on two key neph-
rogenic progenitor populations: the ureteric epithe-
lium and the cap mesenchyme. In doing so, we
describe a discontinuous developmental program
governed by dynamic changes in interactions be-
tween these key cellular populations occurringwithin
a previously unappreciated structurally stereotypic
organ architecture. We also illustrate the application
of this approach to the detection of a subtle mutant
phenotype. This baseline programof kidneymorpho-
genesis provides a framework for assessing genetic
and environmental developmental perturbation and
will serve as a gold standard for the analysis of other
organs.
INTRODUCTION
The epithelial structures of the kidney, the collecting ducts and
the nephrons, arise as a result of reciprocal inductive events be-
tween two key progenitor populations: the ureteric bud (UB) and
the nephrogenic or ‘‘cap’’ mesenchyme (CM) (Little et al., 2010;
Little and McMahon, 2012). The UB undergoes branching
morphogenesis in response to signals from the surrounding
CM (Costantini and Kopan, 2010). Conversely, the CM, although
able to act as a self-renewing progenitor compartment (Boyle
et al., 2008; Kobayashi et al., 2008), is induced via localized para-188 Developmental Cell 29, 188–202, April 28, 2014 ª2014 Elsevier Icrine signals from the ureteric bud tip/tip ureteric epithelium (UT)
to undergo an epithelial transition, thereby initiating nephron for-
mation (Figure 1A) (Carroll et al., 2005). The mature nephrons
filter the blood to produce urine in the adult organ. Nephron
patterning, segmentation, and functionalization are directed in
part by the developing ureteric epithelium and also by the sur-
rounding interstitium and vasculature (Costantini and Kopan,
2010; Little and McMahon, 2012). Although reciprocal interac-
tions between UB and CM have long been known to exist, the
complexity of this interplay is such that the ramifications of in-
sults to one or other partner are not predictable and the relative
temporal sensitivity of the program is unknown. Importantly,
perturbation often results in the generation of fewer nephrons,
a documented risk factor for renal disease in later life (Zandi-
Nejad et al., 2006). Although all nephrons are formed before
birth, nephron number varies widely (from 200,000 to 2.7 million
in humans; from 11,000 to 19,000 in mice) (Merlet-Be´nichou
et al., 1999; Bertram et al., 2011). Small kidneys (renal hypopla-
sia) are observed in response to a wide array of genetic and envi-
ronmental insults; however, nephron number is not always
reflected in final organ size (Cain et al., 2010). These clinical
conundrums highlight the importance of understanding the
morphogenetic processes at play. In this study, we have applied
multiscale imaging across time and space to better quantify the
processes of kidney development in the wild-type C57Bl6
mouse. We also test the capacity for this approach to detect
subtle phenotypes in organ formation previously regarded as
undetectable. Together, this data set represents the state-of-
the-art anatomical atlas of kidney development, and a paradigm
for the detection of subtle organ malformation.
RESULTS
Mapping the Branching of the Ureteric Tree
The prevailing view of kidney development assumes a process of
dichotomous ureteric branching and nephron initiation that
represents a stable reciprocal inductive process across devel-
opment. Using optical projection tomography (OPT) with quanti-
tative spatial analysis (Tree Surveyor software; Short et al.,nc.
Figure 1. Renal Development Is a Progressive, Dynamic Process with Distinct Growth Phases
(A) Diagrammatic representation of the fetal kidney illustrating the Cytokeratin+ branching ureteric tree surrounded at the periphery by a Six2+ CM from which
Jag1+ renal vesicles (RV) form via a mesenchyme-to-epithelial transition. These RVs elongate and segment to form the nephrons. Inset shows a representative
niche comprised of CM, UT, and an RV. The resulting adult kidney (right) contains contiguous collecting ducts draining urine through a papilla into the pelvis and
ureter formed from the initial ingrowing UB.
(B) The embryonic mouse kidney from ls7 to ls13 (12.0–16.5 dpc) increases in volume and complexity (circular cladograms show a representative organ).
Branching is nonuniform with projections of branch generation onto the kidney surface, indicating tips positioned laterally are of lower generation (green) than
those at the anterior and posterior ends (blue). Scale indicates relative length number of generations from the ureter (red) to most distal generation in the organ
(blue).
(C–F) Quantitative analyses of the branching program. A linear increase in generations across developmental time (C) results in an exponential increase in both
ureteric tree (D) and kidney volume (E) (plotted on log scales), with a pause noted between ls9 and ls10 (13.25 and 13.75 dpc, respectively). Calculation of
maximum generation at stage 13 (E16.5) is considered in Figure S3. (F) During this period, increases in tip number and tip density are noted (p = 0.012 and 0.0027,
respectively, t test), with the new tips having smaller length and volume (p = 0.008 and 0.002, respectively, two-level nested ANOVA). *p < 0.05, **p < 0.01. Error
bars represent SEM.
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Measuring Kidney Morphogenesis2013), we have visualized the entire branched tree from the
commencement of branching to late gestation (limb stage [ls]
7–13; 12–16.5 dpc; [Wanek et al., 1989]; where possible, both
ls and dpc metrics were used to stage all embryos), and we
have quantitated parameters such as tip number, branching
events, branch angles, branch length, tree volume, and organ
volume (Figure 1B; Movie S1 available online). Limitations inDevelabeling and imaging approaches meant it was not possible to
analyze the entire tree beyond 16.5 dpc. By 16.5 dpc (ls13),
the ureteric epithelium branches to form a network of 2,580
branch and tip segments, with on average 1,300 tips at the
periphery. Typically, the depth of branching from the root of
the tree to any tip is greatest at anterior and posterior organ poles
(Figure 1B; Movie S1), a spatial nonuniformity that mirrors thelopmental Cell 29, 188–202, April 28, 2014 ª2014 Elsevier Inc. 189
Figure 2. Characterization of Tip Morphology across Kidney Development
(A) Representative surface renderings of tip niche types found in the developing kidney. The tip domain is demarcated by the region of terminal ureteric epithelium
surrounded by a domain of Six2+ CM.
(B) Quantitation of the average number of cells (white numbers) seen in each distinct tip type (ampulla, gray; T-tip, red; tri-tip, black) and the relative prevalence
(percentage of total tips) across developmental time.
(C) Diagram illustrating the progression of morphology during the tip-branching cycle in early kidney development. The branching of an ampulla to a T-tip is the
most common (red arrows), but early in development a T-tip can resolve into a tri-tip that, in turn, can resolve into a T-tip and an ampulla. Blue dots indicate
surrounding CM and underlie the distinction between a T-tip (two tip ends covered by a continuous cloud of CM cells) and two ampullae (two tip ends that have
begun to extend, each associated with a distinct cluster of CM cells).
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organ development. This analysis revealedanunexpected spatial
dynamism with periods of dissociation between generation of
branches/tips (Figure 1C; Figure S3) and both ureteric tree and
organ volume (Figures 1D and 1E). For example, ureteric tree vol-
ume increased 106-fold and organ size 201-fold between ls7 and
ls13 (12.0–16.5 dpc); however, these measures were static be-
tween ls9and ls10 (13.35–13.75dpc; p=0.7,p=0.9, respectively,
t test) (Figures 1D and 1E), despite increasing branch generation,
tip number, and tip density (Figures 1C–1F). This reflects concur-
rent reductions in tip length and volume but not tip diameter (Fig-
ure 1F), suggesting a period of remodeling as opposed to uniform
expansion.Ureteric tipmorphology in thebranching treewas also
examined using confocal microscopy across the entire period of
organogenesis (11.5dpc to postnatal day [P] 3). Although the final
ureteric collecting duct system is composed of bifurcations, dur-
ing morphogenesis the branching tips could be classified into
three recurringmorphologies: ampulla, T-tip, and tri-tip (Figure 2).
The presence of these morphologies reflects the asynchronous
nature of the branching events across the organ and adds weight
to predictions from culture experiments (Watanabe and Costan-
tini, 2004) of a cycle of tip evolution in which any ampulla may
expand into either a T- or tri-tip (Figure 2) but where the final
branching event always resolves to a bifurcation. It is noteworthy
that the period of fastest branching (ls8–12; 12.5–15.5dpc) is also
the period of greatest tri-tip formation.
Identifying a Structural Stereotypy in the Developing
Kidney
The bilateral symmetry and characteristic shape of kidneys sug-
gest that a deeper, intrinsic program may exist that shapes
branching. We therefore sought to establish whether UB branch-
ing follows a stereotypical pattern. The final bifurcating ureteric
tree appears to lack morphologically distinct features such as
the domain branching and overt lobation observed in the lung
(Metzger et al., 2008). Therefore, we initially attempted to discern
overt spatial stereotypy by aligning ls11 (14.5 dpc) UB branch190 Developmental Cell 29, 188–202, April 28, 2014 ª2014 Elsevier Ivolumes in 3D space (McComb et al., 2009), but we found no
discernible alignment between trees. Further attempts at com-
putationally guided overlays using a rigid 3D transform registra-
tion approach (Anderson et al., 2013) also failed to detect a
strong spatial symmetry, although internal branches did overlap
better than those at the organ periphery. Despite the apparent
lack of spatial overlap, we reasoned that the difference in branch
depth in anterior/posterior/lateral aspects of the organ (Fig-
ure 1B) established an inherent structural asymmetry that might
serve as a diagnostic landmark. We examined this using a recur-
sive algorithm to match graphs describing different trees to find
the maximum common subtree. All trees were first annotated
with a primary orientation that defines ‘‘clades’’ consistently
discernible within all kidneys from ls7 (12.0 dpc): anterior major
(AM; rostral), anterior minor (Am; rostrolateral), posterior major
(PM; caudal), and posterior minor (Pm; caudolateral) (Figure 3;
Figure S1). The PM clades were further divided into a PM lateral
(PML) and PM posterior (PMP), and similarly for AM clades.
When comparing any two organs of a given developmental stage
initially orientated using these six primary clades, the average
match was 0.85 ± 0.11 (Figure 3E), with 1.0 representing a per-
fect overlay. Significantly, comparison of any given organ with
another of an incrementally later developmental stage revealed
an almost perfect overlap (Figure 3E; mean average of 0.98 ±
0.05 for trees at successive stages). The slightly higher discor-
dance between trees of the same stage simply reflects the rapid
(tip number may double within a 24 hr period) but asynchronous
nature of branching, resulting in events where the discordance
lies within a few tips and the end of branches but not in the inter-
nal branches (confirmed by inspection of overlays). In contrast,
any ‘‘younger’’ tree is contained almost perfectly within any
‘‘older’’ tree because predetermined branching fates are com-
pleted by the latter stage. This supports a degree of structural
stereotypy as robust as that reported previously for lung and
identifies this as a general strategy for revealing structural ste-
reotypy in other organs previously obscured by local heteroge-
neities in developmental timing.nc.
Figure 3. Stereotypy of Ureteric Tree Growth
Graph overlaying algorithms were developed to compare the branching structure connectivity of distinct ureteric trees.
(A) Overlayed tree graphs for example ls11 (14.5 dpc) and ls12 (15.5 dpc) kidneys are shown. Black indicates the nodes and edges common to both trees, green
indicates the nodes and edges in the ls12 kidney not present at ls11, and orange indicates the nodes and edges present in the ls11 kidney not common with the
ls12 kidney. The root and branch points for the PM and AM clades are also shown. Colored annuli mark the common clades described in (B). From this graph
containment representation, it is clear that the structure of the ls11 kidney is essentially contained within the ls12 kidney, with the latter extending from the earlier
kidney. This structural stereotypy holds across all normal kidneys that we examined.
(B) The common clade branching structures from ls7 to ls12 (12.0–15.5 dpc): Pm (magenta), PML (green), PMP (blue), Am (red), AML (yellow), and AMA (cyan). See
also Figure S1.
(C and D) 3D visualizations of the ls11 (C) and ls12 (D) ureteric trees represented in (A). The sixmajor clades each have distinct colors that correspond between the
two kidneys. Note that the color scheme of (C) is a reflection in the horizontal axis of (D) because of one being a right kidney, whereas the other is a left kidney.
(E) OPT imaged ureteric trees for ls7, ls8, ls9, ls10, ls11, and ls12 were taken, and tree graphs were generated for each using Tree Surveyor software. There were
five, five, seven, five, five, and four trees for ls7, ls8, ls9, ls10, ls11, and ls12, respectively, with each tree of a given age labeled alphabetically (e.g., 7a–7f). Pairs of
trees at successive stages were then compared using the graph-overlaying algorithm, and the fraction of nodes of the smaller tree that were contained in the
common subtree were recorded. A smaller (earlier stage) tree fully contained within the larger (later stage) tree represented a fraction of 1. Lines between any
earlier tree and a later tree are marked to indicate the fraction of nodes of the earlier stage tree that common, as graphs, to the later stage tree. Because most
fractions were close to 1, later stages are essentially extensions of the growth patterns of the earlier stages. Lower fractions occurred between ls9 and ls10
(13.35–13.75 dpc) and between ls10 and ls11 (13.75–14.5 dpc). The growth of the ureteric tree is slower at these stages; hence, small local growth variations are
more likely to be reflected in a higher discordance between the trees compared. Across all paired trees at successive stages, the average fraction of the earlier
stage tree contained in the later stage tree was 0.98 ± 0.052. Similarly, on the same data sets, comparing pairs of trees at the same stage gave average fractions of
the trees contained in the maximum common subtrees as 0.82 ± 0.20, 0.84 ± 0.09, 0.91 ± 0.06, 0.85 ± 0.08, 0.80 ± 0.10, 0.79 ± 0.03, and 0.85 ± 0.11 for the stage
7, 8, 9, 10, 11, and 12 trees, respectively. Overall, comparing all trees at a given stage against those of the same stage gave an average fraction of 0.85 ± 0.11.
Error terms are SDs.
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Figure 4. Dynamic Change and Remodeling of the Ureteric Tree during Kidney Development
(A–D) As developmental age increases, branches from generation four to eight become progressively longer (A), and duringmuch of this time, branch volume also
changes (B) (length and volume of generations four, five, six, p < 0.0001; generation seven length, p < 0.0001 and volume, p < 0.05; two-level nested ANOVA). The
increase in volumebetween ls11 and ls12 (14.5–15.5 dpc) is concurrent with renal pelvis formation (C), and at this time a large increase in volume of the first branch
generation occurs (D) (p < 0.05, t test). Position-dependent bifurcation shape changes during development are measured using two methods termed local and
global bifurcation, whereas intergenerational rotation is measured using dihedral angles. Scale bar in (C), 100 mm.
(E–H) Local bifurcation is unchanged throughout all branching generations across development (F); however, analysis of global bifurcation reveals a large
compressive remodeling from ls10 to ls13 (13.75–16.5 dpc) in ‘‘internal’’ generations (G) (p < 0.001, two-level nested ANOVA). While this remodeling occurs, the
dihedral rotational ‘‘twist’’ between generations remains fixed across all generations across development (H).
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Once established, the arborized UB is subject to significant
remodeling. Many branches increase in length (Figure 4A) and
volume (Figure 4B) over time, an effect that was greatest in
branches more than three generations away from the ureter.
However, remodeling is not uniform; it occurs in specific regions
of the tree at different times. For example, the growth of fifth
generation branches is minimal between ls8 and ls10 (12.5–
13.75 dpc), but it rapidly increases by ls11 and ls12 (14.5–
15.5 dpc) (Figures 4A and 4B). Flux in segment length was most
evident when we considered the establishment of the pelvis (Fig-
ure4C), the funnel-likedilationessential for channelingurine to the
ureter (Figure1A).Classical studiesof thehumankidneypostulate
that the renal pelvis forms by the ‘‘dilation’’ of the first four to six
branching events, although such a process has not been
described in any detail in mouse. Our analysis showed that in
the initial stage of pelvis formation (ls12; 15.5 dpc), there was a
4-fold volume increase of the first branch generation (Figure 4D)
that was accompanied by a significant reduction in the length,
but not the diameter, of the second branch generation (Figure 4A;
Figure S2A). At this point the organ has500 tips, with a greatest
branch depth of 11 generations. Twenty-four hours later, the
average tip number has increased to 1,300, but the branch depth
does not scale proportionally (Figure S2C). This observation,
taken together with the observed changes in the architecture of
branches associated with the pelvis (Figure 4C), indicates that
at least three branch generations have been subsumed by its192 Developmental Cell 29, 188–202, April 28, 2014 ª2014 Elsevier Iexpansion within this short period. This provides an accurate
quantitation of this subsumption process in mice, thereby ex-
plaining the observation of multiple collecting ducts exiting the
papilla to drain into the final postnatal pelvis (Figure S2D).
The 3D shape of the ureteric tree is also achieved by develop-
mental change in branch angles. We profiled this process
by examining two angular measurements: the ‘‘local’’ angle,
defined by the morphology of a branch at its point of bifurcation;
and the ‘‘global’’ angle that describes its relationship to its two
offspring (Figure 4E). Similar to ls12 (15.5 dpc) (Short et al.,
2013), local bifurcation angles for all stages in all generations
were essentially fixed (100; Figure 4F), indicating that the
direction of the first moments of tip bud growth are fixed. How-
ever, global branch angle decreased significantly, particularly in
the middle branch generations and during pelvis formation,
showing that the far ends of the branches move progressively
toward each other (Figure 4G). This is matched in the terminal
branches of later developmental stages that become more
‘‘closed.’’ Angles were 19 from ls7 to ls10; and then 6.3,
5.6, and10 at ls11, ls12, and ls13, respectively, as measured
by a ‘‘delta’’ between global and local bifurcation angles (Fig-
ure S2B). Despite this dynamism in the shape of the tree, rota-
tions in the plane of branching between generations (the dihedral
angle) across all stages were remarkably static (65; Figure 4H)
suggesting that this parameter is fixed in the face of other
morphological alterations. Of interest, this angle matches almost
exactly the dihedral rotations of the bifurcating lung (Short et al.,nc.
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Measuring Kidney Morphogenesis2013), possibly reflecting a space-filling mechanism deployed
during the development of a variety of branching organs.
Cellular Quantification of the Nephrogenic Niche
Branching of the UB both directs and responds to the surround-
ing CM, with the periphery of the organ representing a nephro-
genic zone in which individual tips are surrounded by a field of
CM. Antibodies were able to mark the CM compartment
throughout development because of its peripheral location, facil-
itating an assessment of morphogenesis into postnatal stages.
OPT for the CM-restricted transcription factor Six2 was used
to visualize and quantify distinct CM fields or ‘‘niches’’ from
11.5 dpc (ls6) to P2 (21.5 dpc) (Figure 5A; Figure S3A), with a
niche being defined as a spatially distinct cluster of CM cells
and their adjacent epithelial tip environment (Figure S3B). Note
that an alternative CM marker, Cited1, was not used because
available antibodies reveal a cytoplasmic staining of low speci-
ficity present only from 13 dpc. Although Six2 perdurance into
the early nephrons is seen (Rumballe et al., 2011), that domain
of Six2 positivity was excluded from analysis based on epithelial
morphology. Tip numbers calculated by Tree Surveyor generally
agreed with earlier observations (Short et al., 2010), but fewer
niches were observed than tips at early stages (Figure 5B; Fig-
ures S3C and S3D). This is due to the large number of tri- and
T-tips that register as three or two tips, respectively, in the
Tree Surveyor analysis but that are surrounded by a single CM
(Figure S3). Niche and tip measures essentially converged after
embryonic day (E) 15.5 as mesenchymal populations became
more discrete. Although niche number increased across devel-
opment (Figure 5B), the rate of niche formation decreased before
stabilizing at 15.5 dpc. After birth, new niche formation was min-
imal (Figure 5C). Final niche number at P2 was 3,389 (Figure
S3C), suggesting that only one to two additional branching (tip
doubling) events occur after 16.5 dpc (average 1,292 ± 51 tips;
n = 4) and confirming a significant slowing of branching across
developmental time (Cebria´n et al., 2004). The temporal shifts
in rate of niche formation/branching suggest distinct phases of
CM/UB crosstalk across development, with a period of stable
signaling between 15.5 dpc and birth.
The CM is a source of nephron progenitors and also provides
growth factors to drive the proliferation of the UB (Little et al.,
2010; Little and McMahon, 2012). Although these reciprocal
interactions are recognized and their molecular basis has been
investigated, how these signals are balanced across develop-
ment to result in the final organ is unclear. Confocal microscopy
was used to measure cell number in both UT and CM within
niches across kidney development (ls8/12.5 dpc to P3; Figures
5D and 5E; Movie S2). At each time point, 8–40 examples from
three or more distinct litters for each time point were examined,
with the total kidney cell numbers calculated using global niche
number. Total cell numbers in each compartment across the
organ as a whole increased as the organ grew (Figure S4). How-
ever, as development progressed, the number of cells in each
individual niche was reduced. In addition, CM fields retracted
from the side of the tips closest to the surface of the organ,
becoming restricted to the lateral side of the tips (Figure 5E).
Although the number of CM and UT cells/niche decreased over
time (Figure 5F; Figure S4), the ratio of CM cells to UT cells
also fell (Figure 5G), stabilizing at 2:1, coincident with the plateauDevein the rate of new niche formation (Figure 5C), and again implying
that a balance in reciprocal signaling between these cellular
compartments is reached ls12/15.5 dpc.
Quantifying Cellular Dynamics to Build a Population
Model
Each time a ureteric tip bifurcates, the surrounding Six2+ CM is
divided between the subsequent tips. Hence, the number and ra-
tio of CM/UT cells per niche will depend upon relative rates of
proliferation, the rate of branching, and the rate of cell exit from
each compartment. We first addressed the rate of proliferation.
Although quantification of cells in mitosis (phospho-Histone H3
[pHH3] positivity) has been used to compare relative rates of pro-
liferation (Keefe Davis et al., 2013), the percentage and incidence
of pHH3+ cells in both compartments across development were
low (<2%, 14.8–0.3 cells/niche; Figure S4), leading us to question
the sensitivity of this method. Furthermore, this measure does
not quantify absolute cell-cycle length. Hence, cellular dynamics
in both the CM and UT were assessed by calculating average
cell-cycle length within the UT and CM populations. This was
achieved via 5-ethynyl-20-deoxyuridine (EdU) infusion time
courses from two different starting times (13.25 dpc and 17.25
dpc) followed by quantification of the proportion of EdU+ cells
in either CM or UT (Figures 6A and 6B; Movie S2). A best-fit
assessment of average cell-cycle length (Lefevre et al., 2013)
suggested uniform proliferative behavior within the UT that
slowed across development (cell-cycle length declined from
11.7 hr at 13.25 dpc to 23.5 hr at 17.25 dpc; Figures 6C and
6G; Table S1). Using absolutemeasurements of cell-cycle length
together with quantification of population size across time, it was
possible tomake a comparison between the observed number of
tip cells and the number of tip cells predicted from our measure-
ments of proliferation rate (Figure 6E). This analysis revealed a
substantial shortfall with the difference between observed (pop-
ulation) and predicted (population + exit) representing tip cells
that have exited into adjacent branches (Figure 6E) (Shakya
et al., 2005). Note that the population that has exited does not ac-
count for all cells within the non-UT portion of the ureteric tree
because there is also cell division within the ureteric branches.
The CM displayed more complex cellular dynamics (Figures
6D and 6G) in which the observed EdU uptake curves best fit
with the presence of two asynchronous populations, with one
population cycling slower than the other, but with both popula-
tions slowing in proliferation rate over time. Once again, a com-
parison of observed population size versus that predicted from
the calculated cell-cycle lengths provides a quantitativemeasure
of exit from the CM across time (Figure 6F). Exit from this popu-
lation via differentiation of the CM into nephrons is anticipated.
The lack of evidence for cell death within the CM (Figure S5A;
Hartman et al., 2007) suggests that all CM exit represents differ-
entiation into early nephrons.
Heterogeneity within the CM has previously been proposed
based upon the location of Cited1 protein only in the peripheral
Six2+ CM (Mugford et al., 2009), but a functional heterogeneity
based on proliferation rate has never been observed. As antici-
pated, the intensity of Six2 staining within the CM declined
from the periphery of the CM field toward the center (Figure 5H;
Figure S5) and an analysis of EdU positivity with Six2 intensity
and relative position with respect to the periphery of the organlopmental Cell 29, 188–202, April 28, 2014 ª2014 Elsevier Inc. 193
(legend on next page)
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showed that Six2+EdU+ cells have a lower mean Six2 intensity
than Six2+EdU cells, whereas CM cells closest to the periphery
were less EdU+ at any given time. Taken together these observa-
tions support a model in which there exists a peripheral Six2hi
CM domain, possibly representing the self-renewing population,
and a more proliferative and less peripheral Six2lo CM
population, possibly representing those cells committed to dif-
ferentiation. Of note, the slow-cycling population grew in overall
proportion across development (Figure 6G), supporting prefer-
ential exit/differentiation by the fast-cycling population.
Associating Branching and Niche Formation with
Nephrogenesis
Although it is widely assumed that tip number is linked to final
nephron number, the precise relationship between tip and
nephron number throughout development is unclear. The neph-
rons arise from the CM via epithelial transition and, shortly after
epithelializing, fuse with and remain attached to their adjacent tip
(Georgas et al., 2009). Despite this fact, the tip will divide again
but those existing attached nephrons will remain attached to
one daughter tip. Because all nephrons remain attached to a
ureteric tip located at the periphery of the organ at all times,
quantification of tip number and number of attached nephrons/
tip will account for all nephrons in the organ. Because the
continued branching of the ureteric tree requires an undifferenti-
ated CM, nephron formation characteristically occurs slightly
away from the end of the tip and also away from the peripheral
surface of the kidney. However, during the immediate postnatal
period, as nephrogenesis ceases, there is a shift in this spatial
relationship such that multiple nephrons form around all sides
of the tip, ultimately resulting in a complete loss of CM (Rumballe
et al., 2011) (Figures S6A–S6D). We used confocal analysis to
quantify nephron number per tip based across developmental
time (Figure 7A). Based on projected versus observed CM cell
numbers, exit to form nephrons becomes a substantial activity
from 14.5 dpc (Figures 6F). Despite this, the CM/UT ratio stabi-
lized during this period, suggesting a balance between prolifera-
tion, exit, and branching. The first nephrons (renal vesicles) were
evident by ls8 (12.5 dpc). The mean number of nephrons/niche
reached two by ls12/15.5 dpc, thereafter remaining stable until
P2 (Figures 7B and 7E). Although the rate of branching slowsFigure 5. Quantitative Analysis of the Nephrogenic Niche over Time
(A) Six2 OPT of 17.5 dpc whole kidney showing (inset) example of individual nich
(B) Quantitation of niche number versus tip number across developmental time.
(C) Rate of new niche formation across development. Data shown indicate mean
(D) Panel illustrating the process of acquiring absolute CM and UT cell numbers p
kidney showing individual nuclei (DAPI, blue), Six2+ (red) cap mesenchymal cells,
compartments. White box outlines region analyzed in subsequent panels. Surface
individual niche. Moving left to right panels illustrate the process of isolating and
(E) High-resolution series of raw and render (top), tip render only (middle), and tip-
At early stages the cap sits above, and around the end of the tip. As the cap size
This change in localization is likely to correspond to the cap cells experiencing
population.
(F) Quantitation of average cap and tip cell number/niche across development. D
Figure S5.
(G) Ratio of cap cells to tip cells/niche across development. Data shown indicate
(H) Representative niche at 13.5 dpc displaying the Six2+ CM over a ureteric tip
protein intensity. This illustrates a higher Six2 intensity in the periphery of the CM
Deveacross development, it does continue and tip/niche number still
climbs (Figure 5B). Hence, >90% of nephrons form after 15.5
dpc (Figure 7G). At the last stage investigated (P4), there were
3.68 nephrons/niche (Figure 7F), predicting a total nephron num-
ber of 13,312, with approximately 51%of these forming between
P0 and P4 (Figure 7G). This agrees with previous stereological
estimates for final nephron number in adult mice (Merlet-
Be´nichou et al., 1999) but strongly emphasizes the importance
of the postnatal period in determining this final nephron number.
Application of Quantitative Morphometrics to a Subtle
Phenotype
Having established the protocols, we wished to determine
whether the application of this approach could discern pheno-
types overlooked in previous phenotypic analyses. Ret-Gdnf
signaling is essential for normal UB branching and mediates in-
teractions between the cap and tip (Costantini and Kopan,
2010). Several previous analyses have reported that heterozy-
gosity for Ret does not result in developmental phenotypes in
the mouse (Schuchardt et al., 1996; Enomoto et al., 2001),
whereas mice heterozygous for Gdnf do present with a quantifi-
able reduction in nephron number (Cullen-McEwen et al., 2003).
This discordance in heterozygous phenotype between ligand
and receptor may reflect the positive feed-forward nature of
the Ret response to ligand or the fact that ligand concentration
is limiting (Gianino et al., 2003). Alternatively, the phenotype of
Ret heterozygotes (Ret+/) may be too subtle for detection using
conventional analyses. To assess the sensitivity of our morpho-
metric and cellular analyses, we reexamined the Ret+/ mice in
comparison to wild-type littermates. Analysis of branching at
15.5 dpc revealed a subtle but significant (18%) decrease in
Ret+/ embryos compared with wild-type littermates, although
other metrics describing the structure of the branched tree
were normal (Figures 8A–8C). Quantification of cap cells and
tip cells per niche also trended toward larger cap and tip volumes
(more like younger kidneys), although this did not reach statisti-
cal significance. However, examination of niche number at P0
confirmed the tip deficit observed earlier in development (Fig-
ures 8G–8I). Taken together these results indicate that, contrary
to previous reports, haploinsufficiency for Ret does lead to a
decrease in ureteric branching. These data serve to highlight
the mutual relationship between the cap and tip populations,es.
Data shown indicate mean ± SD. Sample numbers are in Figure S4.
± SEM. Sample numbers are in Figure S4.
er niche. Left panel shows a 3D confocal image of ls12 (15.5 dpc) developing
ureteric epithelial cells (Calb1, white), and pHH3+ mitosing cells present in both
rendering is used to mask CM (top row) or UT (bottom row) domains within an
then quantifying populations of individual cells in each domain.
and cap-rendered (bottom) confocal data from ls8 (12.5 dpc) to P3 (22.5 dpc).
decreases, it retracts from the top of the tip and is positioned more laterally.
a different growth factor environment and could contribute to collapse of this
ata shown indicate mean of sample averages ± SEM. Sample numbers are in
mean of sample averages ± SEM. Sample numbers are in Figure S5.
as raw, rendered (red, top and middle) or as a heatmap representing relative
field.
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Figure 6. Cellular Dynamics within Ureteric Tip and CM
(A and B) EdU staining of two time points (A, 13.25 dpc + 4.5 hr; B, 17.25 dpc + 12.5 hr) across the time courses of EdU delivery. Coimmunofluorescence was
performed for Six2 (red), EdU (white), and Cytokeratin (green) and counterstained with DAPI (blue). These time points were chosen to demonstrate that a similar
level of EdU incorporation takes longer to reach in the later time course.
(C) Time course of relative EdU incorporation within the ureteric tip compartment from two initiating time points (13.25 dpc and 17.25 dpc). Each point on the
graph represents the average of an independent experiment, and the line represents a nonlinear least-squares fit as explained in Supplemental Experimental
Procedures.
(D) Time course of relative EdU incorporation within the cap mesenchymal compartment from the same initiating time points. Data points and fit as per (C).
(E) Observed tip cell numbers (gray) with projections of exit from the tip to trunk (white with dots) based on average calculated rates of UT proliferation across time.
Intervening time points when absolute quantitation of observed is missing have been predicted based on flanking observed values and proliferation rates
(interpolated, crosshatched; see Supplemental Experimental Procedures for methods). Asterisk (*) denotes value derived from extrapolated niche count and
measured cap cell numbers. Error bars show SEM.
(F) Observed cap cell numbers (red) versus projections of exit from the CM (gray) based on average calculated rates of CM proliferation presented across
developmental time. Interpolated values are crosshatched. Asterisk and error bars as for (E).
(G) Calculations of average cell-cycle length within the UT and CM for the entire population (c), cell-cycle length for the predicted fast population (cF), cell-cycle
length for predicted slow-cycling population (cS), and the slow-cycling population as a proportion of the total (%S). SEM is derived from modeling. See Sup-
plemental Experimental Procedures for details. Pop., population.
(legend continued on next page)
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affect overall organ elaboration.
DISCUSSION
The data provided in this study represent a comprehensive,
quantitative temporal and spatial analysis of branching, CM turn-
over, and nephron endowment within the normal developing
mouse kidney using methodologies readily applicable to other
complex developing organs. This has increased our insight into
the processes driving kidney shape, size, and differentiation
and has allowed us to accurately describe the morphogenetic
process across time, thereby providing a quantitative concep-
tual framework for normal kidney development. As illustrated
via the robust identification of a subtle developmental defect in
Ret+/ kidneys, this framework may serve to highlight previously
unappreciated phenotypes.
A key finding of our study is that, rather than being a simple syn-
chronousand reiteratingprocess, kidneymorphogenesis displays
structural stereotypy and temporal discontinuity, including a pro-
gressive decline in the rate of branching and in cell proliferation
across time in all compartments examined. This is not dissimilar
to the slowing of proliferation seen within the cells of the imaginal
discof thedevelopingDrosophilawing (Wartlick et al., 2011) and is
a likely feature of development in many organs. Previous studies
have shown evidence for cellular heterogeneity within both the
CM and the ureteric epithelium (Majumdar et al., 2003; Chi et al.,
2009; Mugford et al., 2009; Thiagarajan et al., 2011). CM cells
can self-renew or differentiate into nephron epithelial cells. Simi-
larly, UT cells can remain within a tip or contribute to an adjacent
trunk. Our study quantifies the rate of such exit across time and
demonstrates an association between heterogeneity within the
CM and rates of proliferation within this niche. This may ultimately
advance our understanding of the balancing act between self-
renewal and differentiation that is critical both for the perpetuation
of branching and the formation of nephrons.
Here we show that the predominant morphogenetic event in
early renal development is branching, which shifts toward re-
modeling of the ureteric tree during pelvis formation. The latter
process in itself is characterized by a remarkably rapid structural
reorganization involving the subsumption of several of the initial
branch generations formed during early development. Although
inferred by subdissection of human fetal kidneys (Oliver, 1968),
we now accurately describe this process in utero and occasion
further examination of this important structural reorganization.
We also find that proliferation in the CM does not keep pace
with the initial rate of branching morphogenesis and that this re-
sults in the progressive depletion in the ratio of CM to ureteric tip
cells within a niche in the early phase of development. Although a
balance is reached in the second half of embryonic kidney devel-
opment, a significant postnatal event results in the final loss of
the CM. Although nephrogenesis was seen to initiate early
(12.5 dpc), the majority of nephrons (>50%) form once branching
has ceased. As a consequence, variability in final nephron(H) Temporal analyses of proportion of EdU+ cells versus distance (mm) from the su
at 17.25 dpc.
(I) Temporal analyses of the proportion of EdU+ cells versus Six2 intensity (mea
17.25 dpc.
Devenumbermay not necessarily reflect variations in final branch gen-
eration number. Perhaps of greater interest is the clear subsec-
tioning of the CM into distinct populations based on cell-cycle
length, with the slower cycling population representing those
portions of the CM containing the highest level of Six2 protein.
Although this sits well with the prior observations of heterogene-
ity within the CM (Mugford et al., 2009), the disproportionate
depletion of the fast-cycling population, presumably via differen-
tiation, predicts little transition from the slow- to the fast-cycling
population, raising the possibility that prenatal nephron forma-
tion derives predominantly from this fast-cycling compartment.
However, because lineage tracing shows that all CM must ulti-
mately give rise to nephrons (Boyle et al., 2008; Kobayashi
et al., 2008), the remaining slow-cycling population must eventu-
ally form nephrons. This again supports the hypothesis of an
active trigger for the final depletion of the CM by differentiation
at birth (Rumballe et al., 2011). It also implies that there may be
distinct CM subpopulations varying in ratio across time and/or
an overall distinction between ‘‘young’’ (early) CM and ‘‘old’’
(late) CM. This is one explanation for reported differences in
gene expression profiles between prenatal and neonatal CM
(Brunskill et al., 2011). Further investigation of this phenomenon
is required using subcompartmentalization of the CM based
upon markers such as Cited1. However, it remains possible
that Cited1 expression and a slower cycling CM population are
not overlapping phenotypes.
Inhumans, heterozygosity foraRETmutation results in renal hy-
poplasia (Zhang et al., 2008), with the discordance between
mouseandhumannotwell explained.Byapplyingamore rigorous
morphometric analysis, we demonstrate that there is no discor-
dance, with this apparent difference simply reflecting a prior
deficit in our capacity to analyze subtle renal phenotypes in the
mouse. The fact that such a subtle phenotype can be detected
via morphometric analysis at two time points also illustrates the
relative ease of use of this approach. This will increase our ability
to properly characterize subtle phenotypes in mutant models of
both genetic and environmental injury and extrapolate to the hu-
mansituation.Becauseevidence linking variations inorgandevel-
opment with predisposition to disease late in life is increasing,
quantitative methodologies and comprehensive baseline data
sets such as that described here will serve as a framework with
which to examine variation in response to genetic or environ-
mental insults. The discontinuous nature of the morphogenetic
program also suggests previously unappreciated points of differ-
ential sensitivity to environmental or genetic perturbation.We can
now quantitatively test this possibility and examine how this cor-
relates with the dramatic variations observed in final nephron
number and organ size (Moritz et al., 2009; Cain et al., 2010).EXPERIMENTAL PROCEDURES
Mouse Strains and Staging
The care and experimental use of mice was carried out according to the
Australian Code of Practice for the Care and Use of Animals for Scientificrface of the CM domain as assessed across the EdU time course commencing
n signal of Six2/DAPI) assessed across the EdU time course commencing at
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Figure 7. Quantification of Nephrogenesis across Kidney Development
(A) Confocal z stack series through an ls12/15.5 dpc kidney stained for Six2 (red) and Cytokeratin (white). White arrow and white arrowhead identify the junction
between the ureteric tip and attached nephrons, respectively. The subsequent structure of each is used for classification into renal vesicle (not shown), comma- to
S-shaped body (C/S; asterisk) or stage 3 to 4 nephron (Stg 3.4, +).
(B–E) Representative niches at 13.5 dpc (B), 17.5 dpc (C), P3 (D), and P4 (E) illustrating the number and morphology of nephrons (yellow) with respect to the
adjacent CM (red) and ureteric tip (white). Trunk has been removed from renderings in (B)–(D); asterisks mark the cut surface where tip joins trunk.
(F) Average number of nephrons present per niche across development ± SEM. Values are based on sample averages taken from multiple litters; number of
samples as follows (stage, n) 12.5, 7; 13.5, 6; 14.5, 7; 15.5, 6; 17.5, 7; 19.5, 7; 21.5, 4; 22.5, 5; and 23.5, 4.
(G) Total nephron number across time, displayed on both a linear and a log scale, extrapolated from total niche numbers and numbers of nephrons per
niche ± SEM.
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animal ethics committee and the University of Queensland Animal Ethics
Committee (Molecular Biosciences). Embryos were collected from timed
matings of C57/BL6 mice, with noon of the day on which the mating plug
was observed designated 0.5 dpc. Limb staging was used to broadly confirm
age and also subclassify embryos based upon developmental progression
(Wanek et al., 1989). For postnatal samples, Pwas recordedwith P0 equivalent
to birth. In most instances, birth represented 19.5 dpc. Note that limb staging
does not represent a linear scale, with some limb stages developmentally
closer in time than others. Broadly, 10.5 dpc corresponds to ls3–4, 11.5 dpc198 Developmental Cell 29, 188–202, April 28, 2014 ª2014 Elsevier Ito ls5–7, 12.5 dpc to ls8–9, 13.5 dpc to ls10, 14.5 dpc to ls11, 15.5 dpc to
ls12, and 16.5 dpc to ls13. Specifically, ls7 corresponds to 12.0 dpc, ls8
to 12.5 dpc, ls9 to 13.25 dpc, ls10 to 13.75 dpc, ls11 to 14.5 dpc, ls12 to
15.5 dpc, and ls13 to 16.5 dpc.
Antibodies
The following primary antibodies were used: mouse anti-calbindin D28K
(Sigma-Aldrich catalog no. C9848), mouse anti-cytokeratin (Abcam catalog
nos. Ab11213 and Ab115959), rabbit anti-Six2 (Proteintech catalog no.
11562-1-AP), rat anti-phospho-Histone H3 pSer28 (Sigma-Aldrich catalognc.
Figure 8. Application of Quantitative Morphometric Analysis to Ret Heterozygous Kidneys Reveals a Previously Undetected Phenotype
(A and B) OPT-rendered images of the ureteric tree from representative Ret+/+ (A) and Ret+/ (B) kidneys at ls12/15.5 dpc. Scale bars, 100 mm. WT, wild-type.
(C) Quantification of ureteric tip number at ls12/15.5 dpc revealing a statistically significant reduction in tip number by t test (p = 0.0258) in Ret+/ kidneys. n = 5
Ret+/+, n = 4 Ret+/. Please note that tip counts for the control samples were low, suggesting this litter was closer to 14.5 dpc than 15.5 dpc. Error bars
represent SEM.
(D and E) Confocal images of representative niches within Ret+/+ (D) and Ret+/ (E) kidneys at ls12/15.5 dpc. Scale bars, 40 mm.
(F) Quantification of number of cap cells and tip cells per niche based on confocal imaging of kidneys from Ret+/+ (n = 9) and Ret+/ (n = 11) littermates at ls12/
15.5 dpc reveals no statistical significance by t test. Error bars represent SEM.
(G and H) OPT-rendered images of the CM from representative Ret+/+ (G) and Ret+/ (H) kidneys at P0. Scale bars, 150 mm.
(I) Quantification of niche number in kidneys from Ret+/+ and Ret+/ littermates across three litters at P0, demonstrating a statistically significant reduction in
Ret+/ t test (p = 0.0184). Error bars represent SEM.
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Measuring Kidney Morphogenesisno. H9908), mouse anti-TROP2 (R&D Systems catalog no. AF1122), and rabbit
anti-cleaved caspase-3 Asp175 (Cell Signaling Technology catalog no. 9661).
Alexa Fluor-conjugated secondary antibodies (Life Technologies) were used to
detect the primary antibodies and DAPI (Sigma-Aldrich catalog no. D8417)
was used at 1:2,000 to label nuclei.
Sample Collection and Immunofluorescence
Kidneys were isolated in PBS, fixed with 4% paraformaldehyde in PBS for
10 min, rinsed twice with PBS, transferred into PBS 0.1% Triton X-100
(PBTX), and blocked in PBTX with 10% heat-inactivated sheep serum
for >1 hr before being incubated with primary antibody (12–48 hr, 4C). After
thorough PBTX washing (8–24 hr), kidneys were incubated with secondary
antibody (12–30 hr, 4C). Confocal samples were then incubated with DAPI
(1:2,000 for >1.5 hr) before being dehydrated with methanol (MeOH) in PBTX,
10 min at each stage: 25% MeOH in PBTX, 50%, 75%, 100%, 100%.
After the final MeOH wash, samples were transferred into a glass-bottomed
imaging dish (MatTek catalog no. P35G-1.5-14-C), and the remaining alcohol
was removed from the dish with a P1000 pipette and then a small amount of
1:2 benzyl alcohol (Sigma-Aldrich catalog no. 402834-1L)/benzyl benzoate
(Sigma Aldrich B6630-1L) (BABB) added to clear the samples. OPT samples
were embedded in 1% low-melting-point agarose, affixed to aluminumDevemounts, dehydrated in MeOH overnight, cleared overnight in BABB, and
then scanned.
OPT
OPT scanning was performed using a 3001 OPT scanner (Bioptonics) or a
custom microscope controlled by purpose-built software OPTimum (James
Springfield, IMB). Scanning and reconstruction were performed as described
previously (Short et al., 2013), and data were rendered and analyzed in Drishti
(http://anusf.anu.edu.au/Vizlab/drishti/), Imaris (Bitplane), or Tree Surveyor
(Short et al., 2013).
Tree Surveyor Analysis
Cohorts of kidneys from limb-staged embryos were analyzed using Tree
Surveyor software. Sample numbers for each stage were n = 6 (ls7), n = 6
(ls8), n = 9 (ls9), n = 5 (ls10), n = 5 (ls11), n = 4 (ls12), and n = 4 (ls13). For
assessing angle changes over time, local and global bifurcation angles were
used. Analyses were done from the tips inward to normalize branch data, pre-
senting as ‘‘inverse generation’’ with all tips being inverse generation 1. Illoura
software (McComb et al., 2009) was adapted to use Tree Surveyor GraphML
output to render convex hulls of kidneys, with a color gradient mapped to
the surface of the hull highlighting the tip generation depth from the ureterlopmental Cell 29, 188–202, April 28, 2014 ª2014 Elsevier Inc. 199
Developmental Cell
Measuring Kidney Morphogenesis(Figure 1B). As highlighted by the Illoura rendering, the use of inverse genera-
tion data isolates angle measurements to specific outer features of the kidney
and ensures that branch angles are assessed across the outermost regions of
the kidney evenly. Calculations of tree depth up to ls12 (E15.5) were taken
directly from Tree Surveyor analysis on the basis that the derived branching
hierarchy was morphologically persistent up until this point. For calculations
of this measure at ls13 (E16.5), at which point branch subsumption was active
and multiple collecting ducts simultaneously enter the pelvis, we derived
branch depth from the internal surface of the renal pelvis to the tips in Tree
Surveyor. Two-factor nested ANOVA statistical tests were carried out using
R statistics (R Development Core Team, 2013) with the Deducer package (Fel-
lows, 2012), as well as Microsoft Excel 2010 with nested ANOVA formulas
adapted fromMcDonald (2009). Two-tailed t tests were performed inMicrosoft
Excel using custom formulas invoking Welch’s correction for potential uneven
variances (the most stringent test, accounting for potential unforeseen bias
between samples and groups).
Graph Overlaying
Each tree, as constructed in Tree Surveyor, was converted to a directed graph
with nodes corresponding to the bifurcation points or tips and edges corre-
sponding to branches of the tree. In order to assess the degree of correspon-
dence between two graphs, a matching algorithm for the tree graphs was
developed. In the algorithm, the root and major anterior and posterior
branches of the trees are first matched. Similarly, the Pm, PM (comprising
PML and PMP), Am, AM (comprising AM lateral [AML] and AM anterior
[AMA]) nodes are matched between trees (Figure S1). The algorithm then
recursively tries all possible matches between nodes of the graph trees. The
matching nodes and edges then form a common subtree to the two tree
graphs. The function to minimize for matching is the number of nodes or edges
contained in the two trees that are not contained in the common subtree. The
algorithm then reports the number of nodes of each tree that are common and
discordant for each tree graph.
Niche Counting
A nephrogenic niche (niche), as opposed to a tip, was defined as a distinct field
of Six2+ mesenchyme surrounding an area of ureteric epithelium. The number
of Six2+ niches was counted from Six2-antibody OPT data. After reconstruc-
tion, OPT data were loaded into Imaris (Bitplane), and the crop3D function
was used to split the original file into two, along the long (anterior-posterior)
axis of the kidney. Within each half, the ‘‘measurement points’’ function was
used to manually label each cap domain. When all niches were labeled, the
number for each half kidney was exported and summed, and then averaged
across three samples from more than one litter per age. Tip number was
derived from Tree Surveyor (Figure S4). The rate of niche formation was calcu-
lated by dividing the mean niche count on each day by the mean niche count
on the previous day. For ages at which no niche counts were available, the rate
was interpolated geometrically: the square root of the proportional increase
over 2 days was imputed to each day. SEs for the rate of niche formation
were calculated under the assumption that niche counts are log normally
distributed. Raw counts were transformed into log space, where SEMs were
calculated for each age, the SE for log of the niche count ratio was calculated
using the formula for difference of independent random variables, and this SE
was transformed back into linear space using the formula for variance of a log
normal random variable.
Cellular Resolution Confocal Imaging
Confocal imaging was performed on an LSM 510 Meta inverted microscope
(Zeiss). 3D sectioning was optimized to minimize capture time but retain
data that Imaris (Bitplane) was able to identify individual nuclei from. Samples
were imaged on a 403 oil-immersion lens using a pinhole of 1.9 mm on all
channels. The z stacks were takenwith an interval of 1.9 mm to produce a stack
of consecutive but not overlapping images.
Niche Rendering and Cell Counting within CM and UT Populations
3D confocal data sets were acquired from lateral regions of whole-mount
kidneys from ls6/11.5 dpc until the population exhausts at P3. Using
Imaris version 7.2 (Bitplane), CM and UT compartments of niches were
defined by surface rendering of the 3D data. These surfaces were then200 Developmental Cell 29, 188–202, April 28, 2014 ª2014 Elsevier Iused to quantitate nuclear Six2 signal for the CM cell number (excluding
signal in renal vesicles), or DAPI for the tip cell number, as well as any cells
undergoing mitosis (marked by pHH3) within each compartment (Movie S2).
Full details of the process of niche rendering, spot counting of cells, and
quantification methods used are described in Supplemental Experimental
Procedures. Extrapolation of these data for the estimation of CM and
UT cells in the whole kidney are described in Supplemental Experimental
Procedures.
Cumulative Cell Labeling and Label Retention using EdU
EdU (Life Technologies catalog no. A10044) was delivered in 1 mg doses by
intraperitoneal injection and was detected within whole tissues using an Alexa
647-based label detection kit (Life Technologies catalog no. C10340), with the
permeabilization and color reaction steps increased to 2 hr. For cumulative cell
labeling, an experiment was started in the morning of a developmental day
(13.25 or 17.25 dpc) with a cohort of time-mated mice. The time of an initial in-
jection was designated 0 hr, and boost injections were delivered to the cohort
at 4 hr intervals, with an additional injection at 14 hr for 14.5 hr harvest only.
Mice were sacrificed half an hour after an injection, and one kidney from
more than four embryos in a litter was collected for analysis. Samples were
processed for immunofluorescence using Six2, Calbindin or Cytokeratin,
and DAPI. Image analysis was performed using Imaris as outlined in the
second half of Movie S2. Full details of image analysis used to determine the
percentage of EdU positive in both ureteric tree and CM are described in Sup-
plemental Experimental Procedures. Detailed descriptions for model fitting
and population modeling are also provided in Supplemental Experimental
Procedures.
Nephron Quantification
The number of nephrons per niche was acquired using a manual count based
upon the presence of an epithelialized structure contiguous with aCytokeratin-
positive ureteric tip but not positive for Cytokeratin. Background staining facil-
itated the identification of basement membranes in such structures and
confocal z stack analysis allowed 3D analysis to classify the stage of nephron
development by morphology and evidence for a connection (Figure 7A; Fig-
ure S6). Renal vesicles and all more advanced structures were included in
this count. Renal vesicles frequently showed low levels of Six2 staining but
also displayed a tubular morphology based on the presence of a lumen.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, one table, and two movies and can be found with this article online
at http://dx.doi.org/10.1016/j.devcel.2014.02.017.
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